ABSTRACT This study was conducted to determine effects of methyltestosterone on innate immunity and adaptive immunity against Salmonella Pullorum in dwarf chicks. In vivo experiment, comparisons of pathological sections, viable counts of bacteria, specific antibody levels, and subsets of T lymphocytes were set forth between chicks with or without 10 −7 M methyltestosterone treatment (2 d of age through 21 d of age) and challenged with 5 × 10 8 virulent Salmonella Pullorum (7 d of age), and in vitro experiment, phagocytic and killing abilities, reactive oxygen intermediate production, and reactive nitrogen intermediate production of monocytes-macrophages treated with high (10 −8 M/10
cell) or physiological (10 −14 M/10 6 cell) concentration of methyltestosterone were examined after Salmonella Pullorum infection. The results showed that (1) in vivo, administration of methyltestosterone enhanced susceptibility to Salmonella Pullorum infection and depressed cellular immunity against Salmonella Pullorum, whereas it had no effect on humoral immunity in dwarf chicks;
(2) in vitro, at high concentration, methyltestosterone reduced (P < 0.05) monocytes-macrophages mediated reactive oxygen intermediate-dependent killing of Salmonella Pullorum, whereas low concentration of methyltestosterone enhanced (P < 0.05) reactive oxygen intermediate-dependent killing of Salmonella Pullorum in male dwarf chicks but not in females; and (3) although challenged with Salmonella Pullorum, phagocytic ability and monocytes-macrophages mediated reactive nitrogen intermediate-dependent killing were not affected by methyltestosterone in vitro. The results indicated that methyltestosterone affected the immune response to Salmonella Pullorum in dwarf chicks by changing monocytes-macrophages mediated reactive oxygen intermediate-dependent killing and cellular immunity, and the effects were dose-dependent; furthermore, the former 2 pathways played important roles in preventing Salmonella Pullorum infection in dwarf chicks, although the mechanism needs further study.
INTRODUCTION
Both androgen and estrogen are known to exert important modulatory effects on immune response via the neuroendocrine system in animals (Grossman, 1985; Roberts et al., 2001; Tanriverdi et al., 2003) , but the exact mechanisms by which they affect immunity are still poorly understood. Immunosuppressive or immunopotentiating effects of sex steroids are not only dependent on species, sex, and age but on dose and method of administration as well (Ahmed and Talal, 1990; Landsman et al., 2001 ), which to some extent contributes to the complexity of study.
In avian, studies on effects of sex steroids on immunity have also been performed, and the results are discrepant and even conflicting, especially with androgen. Folstad and Karter proposed the immunocompetencehandicap hypothesis of androgen in 1992 (Folstad and Karter, 1992) , which suggested that, in the developmental period, androgen enhanced the expression of sexual characters at the cost of suppressing immune system function, and afterward an elevated level of gonadal androgen also entailed obligatory costs such as immunosuppression. The inhibitory effect of testosterone on bursa of Fabricius development in chicken embryo was identified by Glick and colleagues (Glick, 1984 (Glick, , 1991 Glick and Olah, 1987) . Studies of Deviche and Cortez (2005) and Müller et al. (2005) also showed the negative effects of testosterone on cell-mediated immunity and humoral immunity in the nestling black-headed gull chicks and adult male house finches, respectively. However, quite a few studies still cast doubt on the immunocompetence-handicap hypothesis. Other than earlier studies showing that immunosuppressive effects of extrinsic testosterone existed in chicks but not in adult birds (Schuurs et al., 1992) , recently, Navara et al. (2006) injected physiological doses of testosterone into eggs of house finches and examined the immunity of the nestlings on 15 d after hatching, and the results showed that nestlings with testosterone treatment had a significantly increased response to phytohemagglutinin compared with the controls. As for adult birds, Hasselquist et al. (1999) suggested that there was no relationship between plasma testosterone level and humoral immunocompetence in males at the peak of breeding. Thus, to illuminate the interaction of androgen and immunity in avian, more studies are needed.
In poultry, it has been demonstrated that the way by which androgen affects the immune system is very complicated: 1) many kinds of cells residing in immune organs express androgen receptors (Landsman et al., 2001) , 2) androgen also indirectly modulates the immune system via interaction with the neuroendocrine system (Marsh and Scanes, 1994; Mashaly et al., 1998) , and 3) what should also be taken into consideration are stimulators because different stimulators induce different immune pathways, which can affect the response of immune cells to androgen (Busch et al., 1998; Strandberg et al., 2005; Zeytun et al., 2007) .
In this study, we focused on the effects of androgen on immune response to Salmonella Pullorum, which is a facultative intracellular pathogen and results in a clinical systemic disease in young chicks associated with high mortality (Williams Smith and Tucker, 1980; Gast and Beard, 1989) . Salmonella Pullorum induces not only the innate immune response but also the adaptive immune response (humoral and cell-mediated immune responses) as well in poultry (Foster and Spector, 1995; Lillehoj et al., 2004; Van Immerseel et al., 2005) . Therefore, in the present study, the antigenic character of Salmonella Pullorum is utilized to study the effects of androgen on both innate and adaptive immunity in dwarf chicks. Besides that, much work is still needed to map and characterize the infection mechanism of Salmonella Pullorum in poultry (Lillehoj et al., 2007) , which still causes substantial losses to the poultry industry in developing countries. Therefore, the experiments designed to study the effects of methyltestosterone on immunity against Salmonella Pullorum in dwarf chicks will to some extent cast a light on the mechanism of anti-Salmonella Pullorum infection immune responses in poultry.
MATERIALS AND METHODS

Chicken, Bacterial Strain, and Methyltestosterone
The birds used in this study were CAU 3 brown egg dwarf chickens, a line of brown egg dwarf layers developed by 4 repeated backcrosses of the meat-type dwarf ISA Vedette to the female CAU brown egg layers (Yang et al., 1996) .
Healthy and Salmonella Pullorum-free CAU 3 brown egg dwarf chicks were obtained from China Agricultural University. Chicks were reared with the temperature maintained at 34°C up to 7 d of age and then gradually reduced to 25°C by 21 d of age. Lighting was continuous and feed and water were ad libitum.
Salmonella Pullorum (strain C79-13; China Institute of Veterinary Drug Control, Beijing) were cultured overnight in Luria-Bertani (LB) broth (Aoboxing, Beijing, China) at 37°C in an orbital shaking incubator at 150 rpm.
Methyltestosterone (China National Institute for the Control of Pharmaceutical and Biological Products, Beijing) was dissolved in absolute ethanol at 10 −2 M/ mL and then in RPMI-1640 (Gibco, Paisley, UK) medium serially diluted to experimental concentrations (10 −8 M/10 6 cells or 10 −14 M/10 6 cells in vitro experiment and 10 −6 M/mL in vivo experiment).
Challenge of Chickens
All of the animal protocols in the study were approved by China Agricultural University Animal Care and Use Committee. Four hundred 2-d-old dwarf chicks (200 for each sex) were used in this experiment. One hundred males and 100 females randomly selected from them were fed with 100 μL of methyltestosterone orally every day, and others were treated with 100 μL of sterile saline (0.75%, NaCl) starting at 2 d of age throughout the study, which was concluded when the chicks were 21 d of age. Five days later, half of the chicks from each group were inoculated orally with 100 μL of LB broth with 5 × 10 9 cfu/mL of virulent Salmonella Pullorum (strain C79-13) and set as experimental groups. Others were treated with 100 μL of LB broth only and set as negative controls. All of the groups were reared separately and observed every day. Three chicks alive from each group were selected randomly and killed on 1, 3, 7, 10, 14, and 21 d postinfection, and viable counts of bacteria in myocardium, livers, spleens, and cecal contents (the fecal material inside the lumen) were examined following previous descriptions (Wigley et al., 2002; Msoffe et al., 2006) . Besides that, cardiac, hepatic, splenic, and cecal tissue samples were taken at each time point and fixed in 70% ethanol for later pathological examination.
Bacteria from myocardium, livers, spleens, and cecal contents of the chicks were identified following GB/T 4789.4-2003. Ten clones, which were randomly selected and identified as Salmonella, were used to clone the fliC gene, and the sequences were compared with those of Salmonella Pullorum (strain C79-13) published in National Center for Biotechnology Information GenBank.
Specific Antibody Levels and T-Lymphocyte Subsets Analysis
On d 14 postinfection, blood samples were obtained from brachial veins of selected chicks (3 from each group) for ELISA to observe specific antibody levels of Salmonella Pullorum. First, bacterial antigen was obtained according to the method described by Beal et al. (2004a) , and the antigen was diluted in 0.05 M carbonate buffer (pH 9.6) to a final concentration of 50 μg/mL. Next, ELISA plates (Corning Inc., Corning, NY) were coated overnight at 4°C with 50 μL of the antigen, after which the plates were washed 3 times with 0.01 M PBS containing 0.05% Tween 20 (PBST, pH 7.2) and were blocked with 3% BSA (Sigma, St. Louis, MO; 100 μL/well) in PBS for 2 h at 37°C. Then the BSA was removed and washed 3 times with PBST. Fifty microliters of test serum was added at a dilution of 1:100 in PBST containing 3% BSA, and plates were incubated for 1 h at 37°C. After being washed 3 times with PBST, wells were filled with 100 μL of a 1:500 dilution of horseradish peroxidase (HRP) labeled goat anti-chicken IgY polyclonal antibody (Sigma) in PBST containing 3% normal goat serum (Sigma) and the plates were incubated one more hour at 37°C. After being washed 5 times with PBST, the wells were developed with 0.1 mg/mL of 3,3′,5,5′-tetramethylbenzidine (TMB; Sigma) solution for 30 min at 25°C. At last, the plates were read at a primary wavelength of 450 nm and a reference wavelength of 630 nm with a Model 550 Microplate Reader (Bio-Rad, Hercules, CA). Specific antibody levels were calculated as follows:
where OD (test sera) was the absorbance of a well with antigen, test sera, goat anti-chicken IgY-HRP and TMB solution and OD (control) was the absorbance of a well with antigen, negative sera, goat anti-chicken IgY-HRP and TMB solution.
Heparinized blood samples were collected from the brachial wing veins of selected chicks (3 from each group) 14 d after challenge, and peripheral blood mononuclear cells (PBMC) were isolated by density gradient centrifugation over Ficoll-hypaque (1.077 ± 0.001 g/mL; Sigma) at 500 × g for 30 min, and the middle layer was collected. Flow cytometric cell population analyses of T lymphocytes were performed based on our previous publication (Li et al., 2008) .
Monocytes-Macrophages Preparation
Heparinized blood (final concentration: 100 IU/mL) samples were collected from the hearts of 10 Salmonella Pullorum-free males and 10 Salmonella Pullorum-free females at 1 wk of age. Procedures of isolation, purification, and culture of peripheral blood monocytes were optimized based on previous publications (Schenkel et al., 2004; Satoh et al., 2006) . First, PBMC were isolated as above. Then the cells from the same sex were pooled to get sufficient material, after which they were washed with RPMI-1640 medium by centrifugation at 800 × g for 10 min twice. The viability of PBMC was determined by trypan blue (Sigma) exclusion (viability >97%). The PBMC at a concentration of 2 × 10 7 cells/ mL were plated in 24-well tissue culture plates (Corning Inc.) at the rate of 1 mL/well with RPMI-1640. The plates were incubated at 41°C and 5% CO 2 for 1.5 h, and then nonadherent cells (most of the lymphocytes) were washed out with RPMI. After 48 h of incubation and washing away nonadherent cells, approximately 90% adherent cells were monocytes-macrophages (Li et al., 2008) . The cells were treated with 0.02% EDTA-0.25% trypsin in PBS (without Ca 2+ and Mg
2+
) for about 5 min, and then were harvested and plated in 96-well tissue culture plates (Corning Inc.) at 1 × 10 5 cells/well with antibiotic-free RPMI-1640 for 2 h at 41°C and 5% CO 2 to allow cells adherence. Then nonadherent cells were removed, and samples treated with methyltestosterone at a concentration of 10 −8 M/10 6 cells or 10 −14 M/10 6 cells were set as experimental groups, and samples without methyltestosterone treatment were set as controls.
Phagocytic and Killing Abilities of Monocytes-Macrophages
Detection of phagocytic and killing abilities of monocytes-macrophages was performed as described previously (Wigley et al., 2002) with some modifications. Briefly, Salmonella Pullorum were cultivated as above and harvested when they grew to log phase [optical density (OD) at 600 nm ≈ 0.8]. Then the bacteria were opsonized in 10% chicken serum (Sigma) at 41°C for 20 min and washed 3 times in antibiotic-free RPMI-1640 before use. After the cells, prepared as described above, were incubated for 1 d, 20 μL of 10 5 /μL of bacteria was added at 20 Salmonella Pullorum per cell and the plates were incubated at 41°C and 5% CO 2 for one more hour. After that, the medium was removed and replaced with RPMI-1640 containing 100 μg/mL of gentamicin sulfate (Sigma) to kill extracellular bacteria. To determine phagocytic ability of monocytes-macrophages, the medium was removed, the cells were washed 3 times with antibiotic-free RPMI and lysed with 0.5% Triton X-100 (Sigma), and bacterial counts were made on LB agar. To determine killing ability of monocytes-macrophages, the medium was removed and the cells were washed 3 times with RPMI-1640 containing 25 μg/mL of gentamicin sulfate and then incubated in RPMI-1640 containing 25 μg/mL of gentamicin sulfate at 41°C and 5% CO 2 for 6, 12, 24, and 48 h, respectively. At each time point, corresponding cells were washed 3 times with antibiotic-free RPMI and lysed with 0.5% Triton X-100, and bacterial counts were made on LB agar.
Reactive Oxygen Intermediate Production of Monocytes-Macrophages
Hydrogen peroxide, a kind of reactive oxygen intermediate (ROI) product, was measured by HRP-dependent oxidation of phenol red. Monocytes-macrophages were plated in 96-well tissue culture plates at 1 × 10 5 cells/well and treated with methyltestosterone, and challenge with Salmonella Pullorum was followed as described above. At 2, 4, and 6 h postinfection, the medium was removed and replaced with Earle's balanced salt solution (Sigma) containing 0.56 mM phenol red and 20 U/mL of HRP, and the plates were incubated at 41°C and 5% CO 2 for 1 h. After that, the supernatant was transferred to ELISA plates and OD values were taken at 600 nm after the reaction was terminated by adding 10 μL of 1 M NaOH per well. Hydrogen peroxide was quantified by comparing with a standard curve prepared with known concentrations of H 2 O 2 .
Reactive Nitrogen Intermediate Production of Monocytes-Macrophages
Accumulated NO −2 , a stable metabolite of NO, was evaluated based on Griess reaction. Monocytes-macrophages were plated in 96-well tissue culture plates at 1 × 10 5 cells/well and treated with methyltestosterone, and challenge with Salmonella Pullorum was followed as described above. At 6, 24, and 48 h after challenge, 100 μL of supernatant was mixed with 100 uL of Griess reagent [one part 1% sulfanilamide (Sigma) with 5% phosphoric acid to one part 0.1% N-1-napthylethylenediamine dihydrochloride (Sigma)] on ELISA plates, and absorbance at 540 nm was measured in a microplate reader. A standard curve of OD was prepared using known concentrations of NaNO 2 dissolved in the medium. Nitrite levels of the culture supernatants were determined by comparing their OD values with standard curve equation.
Statistical Analysis
The SPSS software package (SPSS for Windows, Release 10.0.1, SPSS Inc., Chicago, IL) was used for statistical analysis in this study. Data were expressed as mean ± SEM or mean ± SD, and significant differences were set at P < 0.05.
RESULTS
Challenge of Chickens
Groups challenged with Salmonella Pullorum reached peaks of mortality on d 6 or 7 postinfection, and then the numbers of mortalities without methyltestosterone treatment fell sharply, whereas the mortality in the methyltestosterone treatment remained high until d 10 postinfection (Figure 1) , which contributed to higher mortalities (mortality = 100% × number of dead chicks/32) compared with their counterparts. By d 14 postinoculation, no mortality was observed. By d 21 postinfection, the mortality in the methyltestosteronetreated chicks (males: 90.6%, females: 87.5%) was numerically higher than that of untreated ones (males: 68.75%, females: 59.38%). There was no mortality in the control groups, no matter if methyltestosterone was used or not (not shown).
Typically, clinical symptoms of Salmonella Pullorum infection appeared on d 3 postchallenge in inoculated groups, characterized by bedraggled feathers, whitish watery droppings, drowsiness, decrease in feed intake, and reluctance to move. From d 5 postinfection, the symptoms were more severe especially in groups treated with methyltestosterone. During the observing period, the controls did not show any clinical symptoms of salmonellosis.
To investigate differences in histopathology among groups, pathological examinations were performed. Chicks necropsied on d 1 or 3 after infection did not show notable pathological changes in internal organs except an influx of multiple leukocytes, which was more serious in the ones treated with methyltestosterone. On d 7, pathological changes were shown in chicks treated with methyltestosterone in both sexes, with more serious pericarditis, splenomegaly, hepatomegaly, and more firm whitish foci of necrosis in the spleen, liver, lung, or myocardium present compared with the untreated controls. The differences between treatments increased until d 10 postinfection, when pathological examination showed that inoculated chicks treated with methyltestosterone had more serious organic architecture damage and karyolysis in liver and myocardium, more serious cecal tonsil congestion and edema, as well as influx of more red cells and macrophages into liver and spleen (Figure 2 ). On d 14 postinfection, inflammation remained in all inoculated chicks, but no increase in Figure 1 . Percentages of survival chicks on each day postinoculation with 100 μL of 5 × 10 9 cfu/mL of virulent Salmonella Pullorum (strain C79-13). f = female chicks treated with 100 μL of sterile saline; m = male chicks treated with 100 μL of sterile saline; Mt + f = female chicks treated with 100 μL of 10 −6 M/mL of methyltestosterone; Mt + m = male chicks treated with 100 μL of 10 −6 M/mL of methyltestosterone.
pathology was observed, and chicks without methyltestosterone treatment began to recover on d 21. Figure 3 shows the dynamic variation of viable Salmonella Pullorum counts in myocardium, livers, spleens, and cecal contents of males on 1, 3, 7, 10, 14, and 21 d postchallenge, and the same pattern was obtained in females (data not shown). Generally, the males and females took up Salmonella Pullorum at the same rate, whereas for different organs and treatments, bacteria counts reached peaks at different times. The numbers of viable Salmonella Pullorum in myocardium peaked on d 10 postinfection in both the methyltestosteronetreated group and untreated group [treated (lg value): 6.377 ± 0.626; untreated (lg value): 4.747 ± 0.606], whereas beyond d 7 postinfection, the numbers of viable bacteria in chicks treated with methyltestosterone were much higher (P < 0.05) than those not treated with methyltestosterone in the myocardium ( Figure  3) . The highest levels of Salmonella Pullorum in livers [4.825 ± 0.246 (lg value)] and spleens [4.73 ± 0.477 (lg value)] of chicks without methyltestosterone treatment were observed on d 7 and 3 postinfection, respectively; however, the peak bacterial counts in methyltestosterone-treated livers [6.283 ± 0.470 (lg value)] and spleens [5.79 ± 0.586 (lg value)] of chicks were found on d 10 and 7 postinfection, when they reached more than 10 6 and 10 5 cfu/g, respectively. High levels of viable Salmonella Pullorum in livers and spleens of chicks with methyltestosterone treatment were maintained until d 14 postinfection, and the counts in the livers and spleens of methyltestosterone-treated chicks were much greater compared with those in untreated ones on d 7, 10, 14, and 21 postinfection (P < 0.05; Figure 3 ).The highest counts were observed on d 7 postinfection in cecal contents, which was more than 10 8 cfu/g in chicks, after which they decreased sharply, and there was no difference in uptake of Salmonella Pullorum into ceca between the 2 treatments ( Figure 3) .
Biochemical analysis showed that 100% of bacterial clones isolated from the dead and necropsied chicks were Salmonella (H 2 S+, lysine+, indigo−, urea−, KCN−). Serological test confirmed that these Salmonella belonged to the D family, and after DNA analysis suggested the sequences of the fliC gene were consistent with that of Salmonella Pullorum (strain C79-13) published (accession number M84978).
Immune Response Analysis
To investigate the effects of methyltestosterone on antibody-mediated immune response to Salmonella Pullorum, specific antibody level to the bacterial antigen was tested 14 d after challenge. The ELISA assay suggested that, although antibody levels in challenged chicks were higher compared with those of controls (P < 0.05, data not shown), there was no difference between the methyltestosterone-treated and untreated groups, and sex had no effect on antibody level of antigen of Salmonella Pullorum.
Flow cytometric cell population analysis was performed on d 14 postinfection to study subsets of T lymphocytes, and the result is shown in Figure 4 . There 
874%). Percentages of CD8
+ T lymphocytes of methyltestosterone-treated chicks (28.488 ± 0.380%) were lower than those of the untreated group (33.618 ± 0.288%; P < 0.05), and ratios of CD4 + :CD8 + T lymphocytes methyltestosterone-treated birds (1.536 ± 0.025) were higher (P < 0.05) compared with those of the untreated group (1.346 ± 0.033). There were significant differences between experimental groups, challenged with Salmonella Pullorum, and negative controls, without challenge, in percentages of CD4 + , CD8 + , T lymphocytes, and CD4 + :CD8 + ratios (P < M/mL of methyltestosterone; m = male chicks treated with 100 μL of sterile saline.
0.05), whereas there was no difference between sexes in any treatment. The data shown here were mean ± SEM based on 3 chicks in each group with 4 replicates.
Phagocytosis and Killing Abilities of Monocytes-Macrophages
The intracellular survival of Salmonella Pullorum was investigated to study effects of methyltestosterone on phagocytic and killing abilities of monocytes-macrophages in vitro. At 1 h postinfection, the phagocytosis of monocytes-macrophages was observed, and the results suggested that there was no difference in phagocytic ability of monocytes-macrophages among groups, which also indicated that monocytes-macrophages with or without methyltestosterone treatment had the same ability to prevent infection of Salmonella Pullorum (Table 1) . Then effects of methyltestosterone on monocytes-macrophages mediated killing was studied at 6, 12, 24, and 48 h postinfection. Compared with controls, the intracellular Salmonella Pullorum counts of cells treated with high concentration of methyltestosterone (10 −8 M) were much larger (P < 0.05) throughout the period, especially at 6 and 12 h postinfection when the bacterial counts were more than 10 3 cfu per well. In the groups treated with physiological level of methyltestosterone, different effects (P < 0.05) of methyltestosterone on killing ability of monocytes-macrophages existed between the 2 sexes. The amounts of surviving bacteria in cells from males were much smaller (P < 0.05) at 6, 12, 24, and 48 h postinfection compared with females and controls, and there was no difference of bacterial counts between females and controls ( Table 1 ). The results suggested that a high level of methyltestosterone had negative effects on killing ability of monocytes-macrophages independent of sex, and physiological level of methyltestosterone could enhance killing ability of monocytes-macrophages from males but had little effect on that of monocytes-macrophages from females.
Determination of ROI Production of Monocytes-Macrophages
Hydrogen peroxide level was measured at 2, 4, and 6 h postinfection, and the results are shown in Table  2 . Hydrogen peroxide level peaked at 4 h postinfection in all groups. At 2 h postinfection, lower concentration (P < 0.05) of H 2 O 2 was detected in monocytesmacrophages treated with a high level of methyltestosterone, and the lower level was maintained over the observing period, although it was not significantly different from controls at 6 h postinfection. At 4 and 6 h postinfection, concentration of H 2 O 2 from male cells treated with physiological level of methyltestosterone was higher (P < 0.05) compared with female cells with the same treatment and controls, whereas there was no difference in H 2 O 2 level between female cells treated with physiological level of methyltestosterone and controls at any time point observed.
Determination of Reactive Nitrogen Intermediate Production of Monocytes-Macrophages
Accumulated NO −2 level was determined at 6, 24, and 48 h postinfection to study effects of methyltestosterone with different concentrations on reactive nitrogen intermediate (RNI) production of monocytesmacrophages stimulated by Salmonella Pullorum. From 6 to 48 h postinfection, NO −2 level grew rapidly in all experimental groups, and it reached nearly 80 nM in controls at 48 h postinfection. No difference was detected among groups with different treatments at any time point observed, which suggested that methyltestosterone, at high or physiological concentrations, had no effect on RNI production of monocytes-macrophages stimulated by Salmonella Pullorum.
DISCUSSION
To study effects of methyltestosterone on immune response to Salmonella Pullorum in dwarf chicks, Salmo- nella Pullorum challenge test was performed. Results from mortality, pathological examination, and dynamic variation of viable Salmonella Pullorum counts suggested inhibitory effects of methyltestosterone on resistance to Salmonella Pullorum in dwarf chicks, although there was no significant difference of levels of resident bacteria in cecal content between methyltestosterone-treated groups and their counterparts throughout the observation time, which might be due to shorter intestinal residence time in young chicks. To reveal the underlying mechanism, Salmonella Pullorum infection induction of humoral and cellular immunity was investigated respectively in vivo.
As a valid indicator of humoral immunity in chicken, antibody titer against Salmonella Pullorum was detected via ELISA. The result suggested that Salmonella Pullorum infection induced a high level of specific antibody in dwarf chicks, which is consistent with previous studies that a high level of humoral immune response can be induced by Salmonella in chicken (Liu et al., 2001; Berndt and Methner, 2004; Beal et al., 2006) . This induction was not affected by methyltestosterone administration, because no significant difference was detected between groups with or without methyltestosterone treatment, which is consistent with previous reports (Leitner et al., 1996) , although with a different stimulator. Many studies have suggested that humoral immunity has little effect on Salmonella elimination (Beal et al., 2006; Wigley et al., 2006) , because Salmonella can be sequestered in certain cells to avoid attack by specific antibody, which leads to the limited success of vaccines against Salmonella used now (Lillehoj et al., 2000; Beal et al., 2004b) . Our result also indicated that Salmonella infection-induced humoral immunity did not contribute to the difference of resistance against Salmonella Pullorum between 2 treatments in dwarf chicks.
To determine the effects of methyltestosterone on Salmonella Pullorum-induced cellular immunity in dwarf chicks, peripheral T-lymphocyte subsets, the most pivotal part of the vertebrate immune system, were analyzed via flow cytometry assay. Our results suggested that T-lymphocyte-mediated immune response was induced postinoculation of Salmonella Pullorum in dwarf chicks because both percentages of CD4 + and CD8 + T lymphocytes of challenged chicks were higher (P < 0.05) than controls. After inoculation of Salmonella Pullorum, percentages of peripheral CD8 + T lymphocytes in methyltestosterone-treated groups were lower than their counterparts, whereas ratios of CD4 + :CD8 + T lymphocytes, which are used to estimate trends of adaptive immunity, were higher than their counterparts. The results indicated that a significant depression of cellular immunity against Salmonella Pullorum was induced by methyltestosterone in dwarf chicks. Previous studies also showed negative effects of androgen on cellular immunity in avians (Mashaly, 1984; Duffy et al., 2000; Müller et al., 2005) , and we confirmed it in dwarf chicks by a more direct assay. It has been established that cellular immunity plays an important role in eliminating intracellular Salmonella in chickens (Berndt et al., 2006; Wigley et al., 2006; Lillehoj et al., 2007) . And after infection, the number of T lymphocytes increases significantly on d 7 postinfection, reaches its peak on d 10, and returns to a normal level on d 21, which accompanies a sudden decline of resident Salmonella (Lillehoj et al., 2007) . Our result suggested that the depression of cellular immunity by methyltestosterone might contribute to the lower resistance to Salmonella Pullorum infection in dwarf chicks pretreated with methyltestosterone.
In poultry, monocyte-macrophage, which is the first line to resist bacteria and a modulator and effector of adaptive immunity, also plays a crucial role in resistance to Salmonella infection, especially in young chicks whose adaptive immune system is immature. Monocytemacrophage can kill nearly 90% of internalized bacteria in the first 15 min of internalization (Qureshi et al., 1986) and can be affected by androgen, too, which has both cell membrane and intercellular receptors of androgen (Danel et al., 1985; Cutolo et al., 1993; Benten, et al., 1999) . To study the effects of methyltestosterone on innate immune response to Salmonella Pullorum infection, we measured phagocytic and killing ability of monocyte-macrophage in vitro. Our results showed that methyltestosterone had no effect on phagocytic ability of monocyte-macrophage and there was no difference of phagocytic ability of monocyte-macrophage between sexes, which was different from our previous result that higher phagocytic ability of monocyte-macrophage was found in hens (Li et al., 2008) . This might be caused by different detection methods and age of the animals because steroid microenvironment of cells can affect their sensibility to sex steroids (Martin, 2000) . Different from phagocytic ability, methyltestosterone affected monocyte-macrophage-mediated killing of Salmonella Pullorum, and high-dose methyltestosterone impaired killing ability, whereas a low dose played an opposite role. The dose-dependent effects of methyltestosterone have already been found in mice and humans (Chi et al., 2007; Zhang et al., 2008) , but the effects of methyltestosterone in humans are more complicated, which depend on not only dose of methyltestosterone but also level of androgen in patients: in patients deficient in androgen, a low dose of methyltestosterone can improve immunity, whereas high-dose methyltestosterone induces strong immunorepression in patients with a normal level of androgen (Chi et al., 2007) . Besides, under the treatment of low-dose methyltestosterone, monocytes-macrophages of males showed more powerful killing ability than females. The difference might be due to different sensitivity of monocytes-macrophages to methyltestosterone, which is determined during innate immune system development or steroid microenvironment of peripheral blood (Martin, 2000) . The different effects of methyltestosterone on phygocytic ability and killing ability of monocytes-macrophages are suggested to be controlled by different genes (Qureshi et al., 2000) .
Monocytes-macrophages kill internalized pathogens mainly by secreting either reactive ROI (primarily H 2 O 2 and O 2 ; Golemboski et al., 1990 ) and RNI (derived from NO; Sung et al., 1991; Qureshi et al., 1993) , both of which play important roles in resisting Salmonella infection (Raupach and Kaufmann, 2001; Withanage et al., 2005) . To understand the mechanism of differences in killing ability of monocytes-macrophages to Salmonella Pullorum induced by methyltestosterone, ROI and RNI output was measured, and the results suggested that only ROI contributed to the differences. Previous studies on ROI-deficient mice showed that ROI responded to the early stage of Salmonella infection because all ROI-deficient mice died in the initial days postinoculation (Vazquez-Torres and Fanga, 2001 ). This result suggests that methyltestosterone might depress resistance against Salmonella Pullorum infection in the in vivo experiment by impairing ROI production of monocytes-macrophages, which leads to unsuccessful killing of internalized Salmonella Pullorum in the early period of infection in dwarf chicks.
In summary, the study showed that methyltestosterone affected immune responses to Salmonella Pullorum in dwarf chicks by changing monocyte-macrophagemediated ROI-dependent killing and cellular immunity, both of which play important roles in preventing Salmonella Pullorum infection in chicks.
